We previously showed that, in prematurely born infants, an anabolic state without metabolic acidosis can be achieved upon intravenous amino acid (AA) administration in the immediate postnatal phase, despite a low energy intake. We hypothesized that the anabolic state resulted from an increased protein synthesis and not a decreased proteolysis. Furthermore, we hypothesized that the energy needed for the higher protein synthesis rate would be derived from an increased glucose oxidation. To test our hypotheses, 32 ventilated premature infants (Ͻ1500 g) received intravenously either solely glucose or glucose and 2.4 g AA/kg/d immediately postnatally. On postnatal d 2, each group received primed continuous infusions of either [1-13 C]leucine or [U-13 C 6 ]glucose. 13 CO 2 enrichments in expiratory air and plasma [1-
A series of studies on AA administration in premature infants within the first few postnatal days show a positive effect on nitrogen retention or plasma AA concentrations starting immediately after birth (1, 2) , within or at 24 h postnatally (3) (4) (5) , or later (6) . In our latest study regarding early AA administration, we administered 2.4 g AA/kg/d to one half of 136 VLBW infants within 2 h postnatally (1) . This resulted in a positive nitrogen balance and converted plasma AA concentrations to levels fitting reference ranges. Furthermore, there were no major metabolic disturbances in comparison with the group receiving solely glucose.
However, nitrogen balance calculations provide no information on how a particular nutritional status was reached. An anabolic state can arise from increased protein synthesis, decreased protein breakdown, or a combination of both. To clarify the mechanism by which an anabolic state is reached in VLBW infants, we conducted in a first trial a stable isotope study using L- [1- 13 C]leucine. We speculated that the anabolic state would have been induced by an increased protein synthesis, a phenomenon also observed in other studies, none of which, however, started AA supplementation immediately after birth (3, 4, 6) . Furthermore, by collecting 13 CO 2 we were able to quantify leucine oxidation rates.
We hypothesized that the extra energy required for protein synthesis would be derived from additional glucose oxidation. Therefore, we studied glucose metabolism in a second trial in which infants also received either solely glucose or glucose and AA, using D-[U-13 C 6 ]glucose as a tracer.
METHODS

Study.
The included infants were a subset of the patients included earlier by Te Braake et al. (1) in a study determining safety and efficacy of high-dose early AA administration. The present study was designed as a randomized open trial and was performed in the neonatal intensive care unit of the Erasmus MC-Sophia Children's Hospital, Rotterdam, the Netherlands. The study was investigator initiated with no funding from industry. The protocol was approved by the Erasmus MC Medical Ethical Committee and parental consent was obtained before the study.
Patients. Thirty-two prematurely born infants with a birth weight Ͻ1500 g, who were born in the Erasmus MC-Sophia Children's Hospital, were mechanically ventilated, had an arterial catheter, and were expected to be completely dependent on parenteral nutrition for the first 2 d of life, were directly after birth randomly assigned to receive either i) only glucose during the first 2 d (control group, n ϭ 16) or ii) glucose and 2.4 g of protein/kg/d as AA (Primene 10%, Baxter, Clintec Benelux N.V., Brussels, Belgium) within 2 h postnatally (intervention group, n ϭ 16).
AA and/or glucose solutions were constantly infused without interruptions during the study. Lipids and/or (minimal) enteral feedings were not administered until after the study period. Exclusion criteria were known congenital abnormalities, chromosome defects, and metabolic, endocrine, renal, or hepatic disorders. For all infants, we recorded birth weight, gestational age, SD scores for weight (7) , antenatal corticosteroid usage, and severity of illness at entry of the study by means of Apgar and CRIB scores (8). We also assessed blood gases and nitrogen balances as described previously (1) .
The control and intervention groups were each subdivided into two cohorts (n ϭ 8 each). In one cohort (A), we studied the effects of early AA administration on leucine kinetics on postnatal d 2. In the other cohort (B), we determined glucose kinetics on d 2 upon early AA administration. diluted with a 0.9% saline solution by the hospital's pharmacy after which it was tested on sterility and pyrogenicity. For the leucine study, the bicarbonate pool was initially enriched with a primed (10 mol/kg) continuous NaH 13 CO 3 infusion (10 mol/kg/h). After 2 h, the infusion was replaced by a primed (15 mol/kg) continuous L- [1- 13 C]leucine infusion (15 mol/kg/h) lasting for 5 h (Fig. 1A) .
In the second cohort (the glucose study), the bicarbonate pool was also enriched with a primed (15 mol/kg) continuous NaH 13 CO 3 infusion (15 mol/kg/h). After 2 h, the infusion was replaced by a primed (10 mol/kg) continuous D-[U-13 C 6 ]glucose infusion (5 mol/kg/h) lasting for 6 h (Fig. 1B) .
Tracers were infused with a Perfusor fm infusion pump (B͉Braun Medical B.V., Oss, the Netherlands) along the same infusion route as the parenterally administered nutrients.
Measurement of isotopic enrichments in plasma. Arterial blood samples were drawn once before the isotope infusions (baseline) and twice during the last hour of the leucine or glucose tracer infusion. After collection, the samples were put on melting ice immediately and centrifuged, after which the plasma was aspired and stored at -80°C until analysis.
Within the cell, leucine is reversibly transaminated to its keto-analogue, ␣-KICA. The plasma enrichment of [1- 13 C]␣-KICA is very close to intracellular [1- 13 C]leucine enrichment. Measurement of the enrichment of [1-
13 C]leucine infusion will, therefore, reflect both the site of incorporation of leucine in protein and the site for the irreversible decarboxylation of [1- 13 C]␣-KICA to isovaleryl-CoA and 13 CO 2 (9,10). Samples (50 L plasma) were treated and analyzed as previously described (2,11). The 13 C enrichment of ␣-KICA was, after derivatization to butyldimethyl-silylquinoxalinol derivatives, determined with a Carlo Erba GC8000 gas chromatograph coupled to a Fisons MD800 mass spectrometer (Interscience BV, Breda, the Netherlands) by measuring the intensity of the 259 and 260 fragments in electron impact ionization mode.
The [U- 13 C 6 ]glucose enrichment of the glucose aldonitril pentaacetate derivatives was monitored, after combustion to carbon dioxide at mass 44 for 12 CO 2 and mass 45 for 13 CO 2 , using a gas chromatograph combustion isotope ratio mass spectrometer (GC-C-IRMS) (Delta XP, Thermo Electron, Bremen, Germany).
Oxidation measurements. To determine the fractions of leucine or glucose oxidized, approximately 15 mL of expiratory air was collected in a vacuum tube at the outlet of the ventilator: two times in duplicate before the isotope infusion (baseline), five times in duplicate during the last hour of the NaH 13 CO 3 infusion, and five times in duplicate during the last hour of the labeled leucine or glucose infusion. We assumed an equal CO 2 production and retention during the sodium bicarbonate and leucine or sodium bicarbonate and glucose infusions. Breath samples were analyzed for 13 CO 2 enrichment on an isotope ratio mass spectrometer (IRMS) (ABCA, Europe Scientific, Van Loenen Instruments, Leiden, the Netherlands).
Calculations. The turnover rates were calculated by measuring tracer dilution in plasma at steady state with standard isotope equations, as previously described for leucine (2) and glucose (12) studies.
Statistics. Based on previous findings from our study group, we calculated that with an ␣ of 0.05, a power of 0.80, and a difference in protein synthesis rate of 1.4 g/kg/d with an SD of 0.8, group size in the leucine study needed to be at least six to detect a difference (6) . A statistically detectable increment in glucose oxidation of 2.0 mg/kg/min with an SD of 1.0 would also require six infants in each group to be studied (12) . However, both in the leucine and the glucose studies, we included eight infants in the intervention and control groups and the control groups to increase power.
One-way ANOVA was used to detect differences between group characteristics, clinical laboratory measurements, and nutritional intakes between the four subgroups. Differences between intervention and control groups were tested by t tests, Mann-Whitney tests, and 2 tests, as appropriate, using SPSS version 11.0 (SPSS Inc., Chicago, IL). Depending on distribution and type of test, values are expressed as mean Ϯ SD, as median (25th to 75th percentile), or as percentage, respectively. Significance level was set at p Ͻ 0.05.
RESULTS
We included 32 infants, of whom 7 were small for gestational age (Ͻ-2 SD). Patient characteristics are provided in Table 1 . Overall, the infants in the intervention group had, by coincidence, received antenatal steroids more often than those in the control group. AA administration to the infants in the intervention group started within 2 h postnatally. The stable isotope study was started on the second postnatal day, i.e., between 20 and 44 h after birth. Isotopic steady state in 13 CO 2 excretion in expiratory air was reached in all infants during the last hour of each infusion (Fig. 2) .
The actual protein intakes at time of study were 0 Ϯ 0 and 2.32 Ϯ 0.08 g/kg/d (p Ͻ 0.001) and the nonprotein energy intakes (solely glucose) were 34 Ϯ 8 and 30 Ϯ 6 kcal/kg/d (p ϭ 0.103) in the control and intervention groups, respectively. Other relevant patient data are provided in Table 2 .
Inasmuch as we only performed a power calculation on protein synthesis and glucose oxidation rates, all other outcomes should be regarded as hypothesis-generating data.
Leucine kinetic data are displayed in Figure 3 . Infants in the intervention group had a higher leucine flux, NOLD rate (indicative of protein synthesis), and oxidation rate. The LRP rate (indicative of protein breakdown) was not altered. Leucine balance improved significantly in the infants receiving AA (p Ͻ 0.001). The control group had a negative balance, whereas the balance in the intervention group was not different from zero.
The glucose kinetic data are outlined in Figure 4 . AA administration did not have any significant effects on glucose metabolism with regard to GPR, flux, oxidation, and NOGD rate.
In both groups, GPR (gluconeogenesis or glycogenolysis) was not completely inhibited, despite a mean intake of 5.7 Ϯ 1.2 mg glucose/kg/min during the study period. In the control group, 75% of the glucose flux was oxidized; in the intervention group, this fraction amounted to 84% (p ϭ 0.185). The absolute amount of oxidized glucose did not differ signifi- 
DISCUSSION
We found that AA administration at a relatively high dose from birth onward exerted its anabolic effect through increased protein synthesis and not decreased proteolysis. The additional energy needed was not derived from glucose, but could, at least partially, be derived from a concomitant increase in AA oxidation.
Most studies in premature infants, including the present, show a positive effect of AA administration on protein accretion caused by an increased synthesis rate (3, 4, 6, 13) . Also, in the ovine fetus, AA administration does have a beneficial effect on protein accretion by increasing protein synthesis while leaving proteolysis unaltered (14) . One study, however, investigating a short-term change in nutritional regimen, found a simultaneous decrease in proteolysis (15) .
Anabolism in adults (16, 17) and healthy term infants (18, 19) , unlike in preterm infants and ovine fetuses, is predominantly achieved by suppression of proteolysis instead of protein synthesis. Possibly, a new balance between protein breakdown and synthesis is developing during early life, explaining this observed discrepancy.
We found a positive nitrogen balance, not only in the intervention group of the 135 infants studied earlier (1), but also in the intervention group of the leucine cohort in this study. However, the leucine balance was not significantly different from zero. Nevertheless, there is still a significant correlation between both balance methods (r 2 ϭ 0.47, p ϭ 0.003). This discrepancy, which we and others noted before (2,4), might be explained by the relative abundance of leucine in parenteral AA solutions relative to the occurrence of leucine in body protein. Because the rate of protein deposition is controlled by the rate-limiting AA in the AA solution, all excess AA are oxidized. Leucine in particular might be oxidized pro rata more than other AA, explaining a negative leucine balance despite a positive nitrogen balance. On the other hand, the difference between the stable isotope and nitrogen balance techniques could also be partially due to the tendency to overestimate nitrogen retention (20) .
In our study, early AA administration had hardly any effect on glucose metabolism. Glucose oxidation, NOGD, and GPR were unaltered. In adults, AA supplementation, and thus provision of gluconeogenic substrates, was found to result in an increased endogenous GPR (21) . This contrasts with findings in premature neonates from the study by Poindexter et al. (13) and the present study. Like in adults, we expected to find a higher glucose oxidation rate for generating the energy needed for extra protein synthesis after AA administration. Poindexter et al. (13) , using indirect calorimetry, also suggested a higher glucose oxidation rate after AA had been introduced, inasmuch as the respiratory quotient increased. Surprisingly, we could not detect any difference in oxidation rate. The source of the needed extra energy remains, therefore, speculative. Nevertheless, the higher leucine oxidation rate might reflect that AA oxidation itself might provide some of the energy needed. Other sources of energy could include fatty acids and ketone bodies.
In conclusion, AA administration to premature infants from birth onward reverses the catabolic state that is otherwise obtained when AA are withheld. Particularly protein synthesis rate especially is increased. The additional energy needed for this process is not derived from glucose oxidation.
